An absolute shielding scale is proposed for 207 Pb nuclear magnetic resonance (NMR) spectroscopy. It is based on ab initio calculations performed on an isolated tetramethyllead Pb(CH 3 ) 4 molecule and the assignment of the experimental resonance frequency from the gas-phase NMR spectra of Pb(CH 3 ) 4 , extrapolated to zero density of the buffer gas to obtain the result for an isolated molecule. The computed 207 Pb shielding constant is 10 790 ppm for the isolated molecule, leading to a shielding of 10799.7 ppm for liquid Pb(CH 3 ) 4 which is the accepted reference standard for 207 Pb NMR spectra. The new experimental and theoretical data are used to determine m( 207 Pb), the nuclear magnetic dipole moment of 207 Pb, by applying the standard relationship between NMR frequencies, shielding constants and nuclear moments of two nuclei in the same external magnetic field. Using the gas-phase 207 Pb and (reference) proton results and the theoretical value of the Pb shielding in Pb(CH 3 ) 4 , we find m( 207 Pb) = 0.59064 m N . The analysis of new experimental and theoretical data obtained for the Pb 2+ ion in water solutions provides similar values of m( 207 Pb), in the range of 0.59000-0.59131 m N .
Introduction
The 207 Pb nucleus with nuclear spin number 1/2 is very well suited for applications in nuclear magnetic resonance (NMR) spectroscopy. Its NMR signal at the natural abundance (22.6%) is 11.9 times stronger than that obtained by the 13 C NMR method. 1 The range of 207 Pb chemical shifts covers more than 17 000 ppm, and liquid tetramethyllead, Pb(CH 3 ) 4 , is recommended as the reference standard, 2 while a small addition of benzene-d 6 or toluene-d 8 serves for the deuterium lock system. 3, 4 A limited number of chemicals containing lead atoms (mostly inorganic and organometallic compounds) makes 207 Pb NMR spectroscopy less popular, but it is obviously a valuable analytical tool for laboratories involved in research on lead.
The nuclear magnetic dipole moment of the stable isotope of lead, 207 Pb, is given in the standard reference tables 5 as 0.592583 (9) m N , extracted from experimental NMR data 6 (we shall discuss systematically the maximum projection of the magnetic moment vector on the axis of the external field, determined in NMR, not the magnitude of the vector itself). The same value is given in the recent IUPAC recommendations. 7 Another tabulated value, derived from the optical pumping experiment, is 0.58219(2) m N . 8 However, both these reference values are more than 40 years old. Recently, the magnetic dipole moment of 207 Pb was studied using different theories for the nuclear structure, the different approximations yielding results in the range of 0.437-0.638 m N 9 and 0.582 m N . 10 We have determined the nuclear magnetic moments of a large number of nuclei from NMR spectra, and shown that significant improvements in the accuracy compared to older data can be obtained by carefully taking chemical shielding effects into account. 11 This requires the simultaneous experimental measurement of NMR resonance frequencies for the nucleus of interest and a reference nucleus (preferably in the same isolated molecule) in combination with quantum chemical calculations. Together, this allows the corresponding absolute shielding constants to be determined. In this work, we apply this approach to the determination of m( 207 Pb) by investigating the properties of tetramethyllead, Pb(CH 3 ) 4 , in the gas phase.
Following our approach, the magnetic dipole moment of a nucleus X may be determined from NMR data using the equation
where n, m and I are the resonance frequencies, the nuclear magnetic moments and the spin quantum number of the chosen reference nucleus Y and nucleus X, respectively. This approach was applied already in 1971 to obtain the presently accepted value of m( 207 Pb), using deuterium in water as the reference nucleus. 6 We have repeatedly observed 12, 13 that the most accurate results are obtained when the reference nucleus Y is a hydrogen nucleus in the same molecule as nucleus X. Moreover, in contrast to the 1971 work (and similar early studies for other nuclei) we can now calculate the shielding of the nucleus of interest from ab initio methods rather than estimate it, as has been done in the past. We shall also use an inverted form of eqn (1) (see e.g. ref. 14)
primarily to illustrate how minor variations in the estimated nuclear magnetic moment may affect s(Pb).
NMR experiment

Gaseous Pb(CH 3 ) 4
Tetramethyllead was studied by NMR, measuring the 207 Pb, 13 C and 1 H resonance frequencies in the gas phase. A small amount of tetramethyllead (in each sample E0.02 mol L À1 , p = 0.2 bar) was mixed with two gases, SF 6 (99.8+% from Aldrich) and -in a separate series of measurements -with Xe (99.99% from Messer Griesheim). In different samples, the density of these gaseous solvents varied from 0.44 to 1.4 mol L À1 , and the pressure was 11-34 bar.
In general, for a binary mixture of gases A and B, a linear approximation for the virial expansion of n A (X), the frequency of the X nucleus in compound A, can be written as (see e.g. ref. 15) n A (X) = n A 0 (X) + n AA 1 (X)r A + n AB 1 (X)r B
where n A 0 (X) represents the resonance frequency in the isolated molecule A, the coefficients n AA 1 (X) and n AB 1 (X) describe the effects due to binary A-A and A-B collisions, and r A and r B are the densities of A and B -in our case Pb(CH 3 ) 4 and SF 6 or Xe, respectively. We use in all the experiments very small amounts of Pb(CH 3 ) 4 , therefore the n AA 1 (X)r A term can be systematically neglected, and to estimate n A 0 (X) we can apply a simplified equation
A successive completion of two similar sets of experiments, but with a different gas solvent B, permits the determination of n A 0 (X) with high accuracy. This approach was previously verified in numerous NMR experiments (see for instance Fig. 2 in ref. 16 ).
The experimental frequencies were linearly extrapolated using eqn (4) to the zero-density limit, allowing the 207 Pb, 13 C and 1 H resonance frequencies for an isolated Pb(CH 3 ) 4 molecule to be determined (see Fig. 1 for the 207 Pb results). NMR gas samples were prepared according to our standard method described in ref. 17 . Liquid benzene-d 6 (Aldrich, 99.6% D) was applied as the solvent for the deuterium lock system and the secondary reference standard of 1 H and 13 C shielding (n D = 76.8464017 MHz and s D = 26.441 ppm 14 ). All the NMR measurements of resonance frequencies were carried out on a Varian-INOVA-500 spectrometer with a switchable probehead (50-500 MHz Varian) at 300 K. The temperature inside the NMR tubes was controlled with pure liquid methanol. The 1 H and 207 Pb measurements were performed using standard parameters. The decoupled INEPT sequence, optimized for the 1 J( 13 C, 1 H) = 135.0 Hz constant and proton relaxation times, was applied to increase the strength of the 13 C signals. The absolute experimental 1 H and 13 C shielding constants were obtained following the approach described in ref. 14. The final results, obtained using Xe and SF 6 , as well as the averaged values which we use in the following, are collected in Table 1 .
Pb 2+ ions in water solutions
Aqueous solutions of lead(II) perchlorate (Pb(ClO 4 ) 2 , Sigma-Aldrich, 98%) and lead(II) nitrate (Pb(NO 3 ) 2 , POCH, 99%) were prepared using double-distilled water (conductivity o0.056 mS cm À1 ) on the same days as the NMR measurements were carried out. The solutions (conc. 0.02-1.5 M) in 4 mm o.d. glass tubes (Wilmad, 406PP) were placed in standard 5 mm o.d. NMR tubes (Wilmad, 528PP) with benzene-d 6 in the annular space for a deuterium lock system. 207 Pb NMR spectra were recorded at 298 K using a Bruker AVANCE III HD 500 MHz spectrometer with the 5 mm CPPBBO BB probehead. The observed 207 Pb frequency of the Bruker spectrometer was carefully verified with the use of gaseous and reference samples; we obtained a difference of À0.0847151 MHz relative to our Varian spectrometer. This correction was added to all the experimental points for both aqueous solutions, Pb(ClO 4 ) 2 and Pb(NO 3 ) 2 . The reference nucleus for the evaluation of the Pb magnetic moment in this Pb 2+ experiment is the deuteron in liquid C 6 D 6 , the deuteron magnetic moment is 0.8574382308 m N 18 .
As shown in Fig. 2 , in each solution the Pb frequency can be extrapolated to zero concentration applying a second-order polynomial to fit the results in the 0-0.1 mol L À1 concentration range (r 2 4 0.97 for both curves). We note that for Pb(NO 3 ) 2 a similar concentration dependence has been observed previously. 19 Both experiments, that is Pb(ClO 4 ) 2 and Pb(NO 3 ) 2 , give similar (although not identical) values of the frequency of the hydrated Pb 2+ ion, 104.4284576 and 104.4280673 MHz, respectively. The average value, 104.4282624 MHz, is our best estimate of this frequency and gives À2876.8 ppm as the 207 Pb chemical shift of the hydrated Pb 2+ ion. For comparison, the 207 Pb chemical shift of aqueous Pb(NO 3 ) 2 solution was earlier given as À2961 ppm 3 , or À2965.7 ppm (for 1.10 m solution). 19 A simple check using eqn (1) shows that an error of 0.01 MHz in the Pb frequency leads to a 0.0001 m N change in m( 207 Pb). Thus, the E0.0004 MHz difference between the extrapolated results for two solutions is negligible, similar to other small effects in our experiment. In particular, two orders of magnitude larger changes of the final Pb magnetic moment arise from variations in the computed Pb shielding constant (see Section 4.2).
A chart illustrating the relative positions of various 207 Pb signals on the new shielding scale and the corresponding NMR chemical shifts is given in Fig. 3 . Our experiments have shown that the reference nucleus (Pb(CH 3 ) 4 liquid in toluene) is 9.72 ppm more shielded than in the isolated Pb(CH 3 ) 4 molecule when the reference solution is observed in a cylindrical sample tube placed in a superconducting magnet. As mentioned above, the chemical shift of the hydrated Pb 2+ (aq) ion is À2876. 3 Calculation of the shielding constants
Nonrelativistic ab initio calculations
We shall limit our discussion to the isotropic shielding constants as there are no experimental data for any of the tensor elements. Unless otherwise stated, all Hartree-Fock (HF) and coupled-cluster singlesand-doubles (CCSD) nonrelativistic results have been obtained using a point nucleus model. The nonrelativistic density-functional theory (DFT) values have also been calculated using a point nucleus, whereas in the relativistic Dirac-Kohn-Sham (DKS) calculations we use a Gaussian nucleus model. 21 We have used the experimental geometry of Pb(CH 3 ) 4 taken from ref. 22 .
We begin with an analysis of the nonrelativistic results. We use the coupled-cluster analytic second derivative methods developed by Gauss, Stanton and coworkers [23] [24] [25] [26] to determine the shielding constants. The nonrelativistic results were calculated using the CFOUR 27 program package, which uses gauge-including atomic orbitals (GIAOs 28, 29 ) to improve basis set convergence and obtain gauge-origin independent results. The basis set dependence of the results was investigated at the HF level using the uncontracted version of Dyall's relativistic core-valence double-z (cvdz), triple-z (cvtz) and quadruple-z (cvqz) basis sets. [30] [31] [32] [33] For Pb(CH 3 ) 4 , these uncontracted basis sets contain 457, 766 and 1224 functions, respectively. Even though the basis set dependence is found to be weak (see Table 2 ), the cvqz basis set was used in the final DFT calculations and analyses. The larger basis sets cannot be used at the CCSD level, and we therefore also report the results obtained with the uncontracted Jorge's ADZP basis set, 34 which has 348 basis functions.
Relativistic density-functional theory calculations
The four-component relativistic DFT calculations were performed employing a development version of the program package ReSpect. 35 We used the restricted magnetic balance scheme for calculations of the NMR shielding constants 36, 37 and the restricted kinetic balance scheme for the spin-rotation constants. 38 The BP86, 39, 40 PBE 41 and B3LYP [42] [43] [44] exchange-correlation functionals were used in these DFT calculations.
The BP86 and PBE absolute shielding constants were obtained using the GIAO approach. As shown in Table 3 , the relativistic DKS/BP86 results are practically converged when extending the basis set. Absolute shielding constants obtained using the largest basis set for the BP86, PBE and B3LYP functionals are also reported for comparison in Table 4 . The B3LYP results and the spin-rotation constants were obtained using the common gauge-origin (CGO) approach, where the gauge origin was placed at the center of nuclear mass. 38 The relativistic corrections, D(rel), are estimated as the difference between the relativistic (DKS) and the nonrelativistic (NR) values obtained applying the same exchange-correlation functional and the cvqz basis sets. The Gaussian nucleus model was used at the DKS level, because we have observed that the differences in the relativistic Pb shielding constants computed applying Gaussian and point nucleus are significant -the DKS values of s(Pb) determined using the Gaussian nuclear model are approximately 350 ppm lower than those obtained for a point nucleus. At the NR level, this difference is less than 1 ppm, whereas for C and H nuclei the differences are below 1 ppm for both levels of theory.
Results and discussion
Pb(CH 3 ) 4
The only previous theoretical estimate of s(Pb) in Pb(CH 3 ) 4 , 14475.1 AE 500.7 ppm, was obtained by applying a crude approximation relating the Sn and Pb shielding constants. 20 From the results reported in Table 2 we see that the uncorrelated nonrelativistic results obtained with the unc-dyall.cvqz basis set are close to the basis set limit, as the cvtz and cvqz shielding constants differ by less than 1 ppm for all nuclei at the HF level. As shown in Table 3 , at the DKS/BP86/unc-dyall.cvqz level this difference is also smaller than 1 ppm for the C and H nuclei, and smaller than 10 ppm for s(Pb). Moreover, the GIAO and CGO shielding constants are practically identical for the C and H nuclei, whereas s(Pb) computed with GIAOs is about 60 ppm (0.6%) smaller than that computed using the CGO approach. Very similar results, showing satisfactory convergence, were obtained with the PBE functional.
To estimate the dependence of the shielding constants on molecular geometry, calculations were performed for two additional structures, determined by contracting and stretching all Table 5 ). Since we are primarily interested in the computed shielding of 207 Pb, we have not attempted to perform a more detailed study of the geometry dependence of the shielding constants. Finally, we can determine from eqn (1) the nuclear magnetic dipole moment of 207 Pb. Using the resonance frequencies and s H values given in Table 1 , m( 1 H) = 2.792847356 m N 18 and s Pb = 10 790 ppm, we obtain m( 207 Pb) = 0.59064 m N . Assuming rather conservative error bars for the computed Pb shielding constant of AE800 ppm, we find that m( 207 Pb) is in the range of 0.59016-0.59112 m N (note that in ref. 13 we used erroneous input data to estimate m( 207 Pb)). For comparison, using the experimental values of the nuclear magnetic moment of 0.592583 and 0.58219 m N leads (from eqn (2)) to s(Pb) values of 14 034 and À3576 ppm, respectively. Consequently, the latter experimental value of m( 207 Pb) can be excluded.
Despite the lack of experimental data, we have also computed the spin-rotation constants in Pb(CH 3 ) 4 , at different levels of approximation. At the relativistic BP86/unc-dyall.cvqz level of theory, we obtain for Pb, C and H À19.778, À0.240 and 0.140 kHz, respectively. The relativistic contribution is significant for Pb, À6.550 kHz, and very small for the C and H nuclei. The PBE results are practically identical to the BP86 data, whereas for B3LYP we find for Pb À18.376 kHz. The nuclear g-factors used in these calculations were taken from ref. 7.
Pb 2+ ions in water solutions
The standard value of the lead magnetic moment has been determined from studies of the Pb 2+ ion in a water solution, 6 and we have therefore also reproduced the NMR experiment and attempted to compute the corresponding shielding constant. Unfortunately, in the literature there are a variety of different data for the solvation shell structure of the Pb 2+ ion in aqueous solution (see e.g. ref. [45] [46] [47] . EXAFS experiments indicate a hemidirected, six-coordinated structure with an average Pb-O distance of 2.54(1) Å. 46 In contrast, the most recent molecular dynamics study of aqueous lead ions predicts a coordination number between seven and ten, with a strong predominance of an eightcoordination structure, followed by a nine-coordination structure. 47 It appears that the observed structure of the Pb 2+ -water complexes may strongly depend on the timescale of the experiment. Thus, in order to estimate the NMR shielding constant for Pb 2+ in aqueous solution, we have considered the Pb 2+ -water clusters with coordination number n c = 6, 7, 8, 9. The geometries of the complexes were optimized using secondorder Møller-Plesset perturbation theory (MP2) using a 60-electron effective core potential cc-pVQZ-PP for Pb 48, 49 and the corresponding Dunning's cc-pVQZ basis set 50 for O and H, keeping the oxygen core electrons frozen. NWChem was used for these structure optimizations. 51 The optimized six-and seven-coordinated Pb 2+ -water clusters were found to be hemi-directed with an average Pb-O distance of 2.55 Å and 2.59 Å, respectively. The eightcoordinated cluster had a square-antiprism geometry and the nine-coordinated cluster a tricapped trigonal prism structure, and the average Pb-O distances were found to be 2.63 Å and 2.67 Å, respectively.
NMR shielding constants were first calculated for a bare Pb 2+ ion and for the optimized Pb 2+ -water clusters at the nonrelativistic HF level of theory using a large GIAO basis set created by combining the uncontracted ANO-RCC basis 52 for lead and Dunning's cc-pVTZ basis sets for hydrogen and oxygen, which is expected to give shieldings close to the basis set limit. 53 Electron correlation effects were computed using a small double-z basis set (Jorge DZP for Pb and cc-pVDZ for O and H). The relativistic corrections were calculated at the DFT/BP86 level in the same manner as the relativistic corrections for Pb(CH 3 ) 4 . The different contributions as well as the total estimated shielding constant at the optimized geometries are collected in Table 6 .
We also performed some calculations for solvated Pb 2+ -water clusters in which additional water molecules have been placed in the second solvation shell. These results indicate that the final theoretical prediction of the Pb 2+ shielding in aqueous solution might be lower than our estimates for the first solvation shell structures by several hundred ppm.
The nonrelativistic values of the chemical shift induced by the interaction with water in the Pb 2+ -water clusters studied here are smaller than those calculated for other ion-water clusters (see e.g. ref. 53 ). This shift is enhanced by the relativistic effects, reaching 21% and 14% of the bare ion shielding for the six-and eight-coordinated clusters, respectively. The magnitude of the correlation effects, calculated using a small basis set, indicates that electron correlation is not very important for these clusters and thus does not significantly affect the accuracy of the chemical shielding of the water-solvated lead ion.
The Pb(CH 3 ) 4 calculations and the NMR experimental investigation, which determined the chemical shift between Pb(CH 3 ) 4 and the aqueous Pb 2+ ion to be À2876.8 ppm, lead to a shielding of aqueous Pb 2+ of 13657.2 ppm. This value is close to the computed shielding of the six-coordinated Pb 2+ ion cluster, 13560.6 ppm. It appears that in the NMR experiment, the observed shielding is in agreement with the EXAFS prediction 46 that the lead ion will have a six-coordinated solvation structure.
We can now estimate the magnetic dipole moment of 207 Pb using the Pb 2+ ion experimental data, with deuterium in C 6 D 6 as the reference (see Table 7 ). However, in this case the computed lead shielding constants are much less reliable than for Pb(CH 3 ) 4 . We can apply eqn (1) and the Pb 2+ shielding constant determined via the experimental chemical shift, 13657.2 ppm, to obtain m( 207 Pb) = 0.59065 m N . However, this is not an independent result for m( 207 Pb), but instead it indicates the consistency and accuracy of the experimental data for Pb(CH 3 ) 4 and Pb 2+ ions. Assuming that the error bars of this Pb 2+ shielding constant are AE1100 ppm, which means encompassing the new, independently computed 6-8 solvated cluster results, we find that m( 207 Pb) is in the range of 0.59000-0.59131 m N . It appears that the old value of the shielding constant, 17 810 ppm, 6 used to determine the literature value of m( 207 Pb), 0.592583 m N , was too large (this old value of the shielding constant combined with our new experimental data leads to a similar result, 0.59314 m N ).
Conclusions
Following the theoretical calculations, we have assumed the 207 Pb shielding of an isolated Pb(CH 3 ) 4 molecule to be 10 790 ppm. This shielding constant corresponds to the experimental frequency measured for an isolated molecule; these values lead to a shielding scale for 207 Pb NMR spectroscopy in which for liquid Pb(CH 3 ) 4 we obtain s(Pb) = 10799.7 ppm. The fully hydrated Pb 2+ ion has, according to our measurements, a much larger shielding of 13657.2 ppm.
The direct measurement of the shielding constant becomes possible once the magnetic moment of 207 Pb has been established. 14 Our new value for the 207 Pb magnetic moment, obtained from Pb(CH 3 ) 4 gas-phase NMR and the corresponding ab initio calculations, is 0.0019 m N smaller than the old value determined from NMR data. This is consistent with our previous experience 11, 12 -old literature values of magnetic moments determined from NMR are overestimated, because overestimated values of the NMR shielding have been used in their derivation (in the case of Pb 2+ , 17 800 ppm instead of the more correct value of 13657.2 ppm). 
